Objective: To examine the potential utility of conventional MRI signs in differentiating pseudoprogression (PsP) from early progression (EP).
Radiation therapy (RT) plus concurrent and adjuvant chemotherapy with temozolomide (TMZ) is the standard of care for patients with newly diagnosed glioblastoma. 1 Soon after completion of RT, patients may demonstrate pseudoprogression (PsP), defined as the transient worsening of enhancing abnormalities or mass effect on MRI. PsP may occur in 14%-31% of patients with treated malignant glioma, [2] [3] [4] [5] and up to 58% of patients with methylated O6methylguanine-methyltransferase enzyme (MGMT) promoter status. 6 PsP is thought to be due to potentiated radiation-induced tissue injury with associated inflammatory reaction and necrosis. The worsening lesions, which reflect treatment effects rather than treatment failure, subsequently stabilize or improve and are not correlated with poorer outcomes. 7 The increased or new enhancing lesions of PsP and early progression (EP) may both fulfill criteria for worsening disease when applying standard response criteria. 8 There is therefore a need for improved imaging biomarkers to distinguish EP from PsP in order to optimize patient treatments and the study design of clinical trials. Identifying conventional MRI signs to determine PsP may spare these patients from unnecessary surgery or inappropriate and possibly more toxic chemotherapy, both of which may become necessary later in the course of the disease. The purpose of this article is to examine the potential utility of conventional MRI signs in differentiating PsP from EP. METHODS Standard protocol approvals, registrations, and patient consents. This retrospective study was granted a Waiver of Informed Consent by the Memorial Sloan-Kettering Cancer Center Institutional Review Board. With the approval of the hospital Privacy Board and compliant with Health Insurance Portability and Accountability Act regulations, we retrospectively identified 321 consecutive patients with glioblastoma who were treated between January 2003 and November 2009 from the hospital database.
Patients. All patients had a pathologic diagnosis of glioblastoma according to revised World Health Organization criteria after biopsy, subtotal resection, or gross total resection. Selection of the main study cohort is summarized in figure 1. Only newly diagnosed patients with primary glioblastomas who underwent initial combination RT and chemotherapy treatment were included in this study. A total of 112 patients were excluded due to transformed low-grade or anaplastic glioma (n ϭ 10), no RT (n ϭ 5), Gliadel wafer implantation (n ϭ 1), bevacizumab concomitant with RT (n ϭ 10), incomplete clinical or imaging follow-up (n ϭ 85), or uncertain diagnosis after pathology (n ϭ 1). Upon review of initial post-RT MRI findings, a total of 93 patients with either EP or PsP were identified, as per the following inclusion criteria: 1) successfully completed RT with concurrent chemotherapy; 2) developed worsening (new or increased) enhancing mass lesions on the initial post-RT MRI (usually 2-4 weeks after completion of RT) as compared to the pre-RT MRI (usually Ͻ48 hours before beginning RT); and 3) diagnosis of the worsening lesions by either pathology after repeat resection, or, when pathology was not available, by clinical and imaging follow-up assessed every 1-2 months. These patients constituted the main study cohort and were reviewed as further described below. The remaining 116 patients who did not display worsening disease (stable, n ϭ 70, or improved, n ϭ 46) on the initial post-RT MRI did not undergo additional analysis, aside from collection of mortality/survival data.
All 93 patients in the main study cohort underwent partial brain external beam RT using conventional or intensity modulated planning. As summarized in table 1, most patients (90%) received a standard course of RT with 5,940 or 6,000 cGy given over 6 -7 weeks. Some poorly functioning or elderly patients (10%) who were considered by the radiation oncologist as unlikely to complete the standard course received an abbreviated course of RT to 4,005 cGy given over 3 weeks, an acceptable alternative. 9 Almost all patients (97.8%) received TMZ at standard doses (75 mg/m 2 ) daily concomitant with RT. For adjuvant therapy after completion of RT, most patients (75.2%) received standard TMZ (150 -200 mg/m 2 ϫ 5/28 days), while others were included in a phase 2 trial 10 randomizing patients to receive either low-dose metronomic TMZ (14.0%) at 50 mg/m 2 /day or dosedense TMZ (10.8%) at 150 mg/m 2 /day 1 week on and 1 week off. Only 2 patients (2.2%) did not receive TMZ; they both received polyriboinosinic-polyribocytidylic (poly-ICLC) concomitant with RT followed by adjuvant poly-ICLC. When available, MGMT methylation status was obtained through chart review. The methylation of this DNA repair enzyme promoter was determined by methylation-specific PCR analysis. Decisions to perform MGMT assays were based on enrollment into a clinical trial requiring MGMT analysis for some patients, or as part of an emerging standard of practice for all patients with glioblastoma seen at Memorial Sloan-Kettering Cancer Center toward the end of the study.
Diagnosis of PsP and EP.
The worsening lesions on the initial post-RT MRI was determined to represent either EP or PsP based on pathologic analysis after repeat biopsy or resection when available. PsP was characterized when necrotizing treatment effects were present with no to minimal identifiable tumor. The presence of residual or recurrent tumor established EP.
If repeat pathology was not available, the clinical diagnosis of EP or PsP was made by consensus of 2 neuro-oncologists (with 3 and 10 years of experience) after complete chart and imaging review. The diagnosis of PsP was made if no change in treatment was required for a minimum of 6 months from the end of RT. This definition allows for the continued mild increase of the worsening enhancing lesions, as compared to the usual decrease or stabilization, as long as no treatment change occurred during this time period. The diagnosis of EP was made if imaging or clinical worsening prompted a change in treatment. Diagnosis was made while blinded to the patient's MGMT status.
MRI parameters. MRI was obtained using 1.5 T (Signa Excite) and 3 T magnets (Discovery 750, GE Healthcare, Waukesha, WI). All studies were acquired using 5-mm slice thickness and no interslice gap. For 1.5 T, axial fast spin-echo T2weighted (repetition time [TR]/echo time [TE] ϭ 4,000/100 msec, matrix 256 ϫ 256); axial fluid-attenuated inversion recovery (FLAIR; TR/TE/inversion time [TI] ϭ 10,000/160/2,200 msec, matrix 256 ϫ 256); sagittal and axial T1-weighted; and contrast coronal, sagittal, and axial T1-weighted images (TR/ TE ϭ 500/10 msec, matrix 256 ϫ 256) were obtained. For 3 T, axial fast spin-echo T2-weighted (TR/TE ϭ 4,000/100 msec, matrix 512 ϫ 512); axial FLAIR (TR/TE/TI ϭ 9,000/125/ 2,250 msec, matrix 512 ϫ 512); sagittal and axial T1-weighted/ FLAIR; and contrast coronal, sagittal, and axial T1-weighted/ FLAIR images (TR/TE/TI ϭ 2,500/6/860 msec, matrix 512 ϫ 512) were obtained. Gadopentetate dimeglumine (Magnevist, HealthCare Pharmaceuticals Inc. Wayne, NJ) was injected though a peripheral angiocatheter (18 -21 gauge) at a standard dose (0.2 mL/kg body weight, maximum 20 mL). The same dose of contrast was administered for both 1.5 T and 3 T scans. The mean Ϯ SD of the first, second, and third MRI scans obtained after completing RT were 20 Ϯ 9 days, 90 Ϯ 30 days, and 150 Ϯ 38 days, respectively.
Conventional MRI signs. Two neuroradiologists (1 with 5
years experience and the other with 10 years experience and holding a Certificate of Added Qualification in Neuroradiology) blinded to the final diagnosis of EP or PsP described by consensus the worsening lesions on the initial post-RT MRI according to these signs: 1) new enhancement; 2) marginal enhancement around the surgical cavity; 3) nodular enhancement; 4) callosal enhancement; 5) subependymal enhancement; 6) spreading wavefront of enhancement; 7) cystic or necrotic change; 8) increased peritumoral T2 abnormality; and 9) diffusion restriction. Diffusion restriction was visually determined as hyperintense signal on diffusion-weighted images (DWI) and corresponding hypointense signal on the apparent diffusion coefficient (ADC) maps, while avoiding areas of hemorrhage and calcification. Two additional parameters were described by comparing the initial post-RT MRI to subsequent post-RT MRIs performed over the next 2-5 months to evaluate evolution of the enhancing lesions prior to any change in treatment; 10) decreasing enhancement intensity; and 11) increasing cystic or necrotic change.
Statistical analysis. Univariate analysis using 2 or Fisher exact test was performed to determine the relative utility of the conventional MRI signs in predicting PsP vs EP. Univariate analyses were also performed to determine potential correlations with the degree of resection (gross total vs subtotal vs biopsy), dose of RT (dichotomized at 5,940 cGy), and different schedules for adjuvant TMZ administration. A Fisher exact test was used to test the potential correlation between diagnosis and MGMT status. Statistical significance was set at p ϭ 0.05.
Overall survival (OS) among the different groups was calculated from the date of RT completion to the date of death or last follow-up using the Kaplan-Meier method. OS curves were compared using the log-rank test.
RESULTS
The characteristics and treatments received by the 93 main analysis patients are summarized in DISCUSSION Reliable imaging biomarkers are necessary to efficiently conduct clinical trials that compare the efficacy of new therapies. Nearly 75% of oncologic clinical trials rely on surrogate imaging endpoints rather than patient survival, 11 with most clinical trials for malignant glioma treatment using modified Macdonald criteria to determine treatment response. 8 A major limitation of the Macdonald criteria, which were developed 2 decades ago, is the reliance on changes in size of the enhancing tumor. PsP may be indistinguishable from EP using these response criteria. Recognizing this difficulty in diagnosis, many phase II trials for recurrent malignant gliomas exclude patients with worsening enhancing lesions within 3 months after RT. 4, 5, 12 Although advanced imaging techniques such as MR perfusion, MR spectroscopy, and PET may have increased accuracy and sensitivity, these technologies are not as well-studied or ubiquitously available as conventional MRI. As a result, even the most recent attempts to establish new criteria by the Response Assessment by Neuro-Oncology 13 group rely on conventional MRI characteristics (contrast enhancement and T2/FLAIR signal abnormality). Determining conventional MRI signs that would best determine PsP would assist the management of these patients and potentially impact clinical decision-making processes.
In this study, we report the largest cohort of patients systematically reviewed for MRI findings that could differentiate PsP from EP. We found that subependymal enhancement predicts the development of EP rather than PsP in worsening enhancing lesions that occur soon after completion of combination chemoradiation therapy. Although subependymal enhancement has high specificity for EP (93.3%), its low sensitivity (38.1%) and low negative predictive value (41.8%) suggest that it may have only limited utility in the majority of patients with suspected PsP.
Subependymal spread of tumor is a known pattern of glioma failure, although it is less common than local progression. 14, 15 Infiltration of the margins of the ventricles may occur by direct spread of tumor cells in the subependymal space or by deposits transferred by the CSF. 16 One study of 51 multifocal gliomas (of which 31 were glioblastoma) reported subependymal spread to be the second most common route for disseminated disease at 24%. 17 Less frequent rates of subependymal or spinal spread have been described by other groups, 14 ranging from 0% to 14%.
Conventional MRI signs to distinguish radiation necrosis from tumor recurrence have been investigated in patients with malignant gliomas. One study of 27 patients did not find individual signs to be useful predictors for tumor recurrence, although combining 2 signs with involvement of the corpus callosum and multiple enhancing lesions was useful ( p ϭ 0.02), as were combining 3 signs with involvement of the corpus callosum, multiple enhancing le- sions, and crossing of the midline ( p ϭ 0.04) or subependymal spread ( p ϭ 0.01). 18 The lack of significance for individual signs such as subependymal spread ( p ϭ 0.26), 18 in contrast to the findings in our study ( p ϭ 0.001), may reflect the smaller number of patients or differing central distributions of lesions in that series. In addition, those patients all had new enhancing lesions that occurred more than 6 months after proton beam RT, which were more consistent with radiation necrosis than with PsP. The 2 entities are similar but not synonymous, with PsP showing earlier onset after completion of RT at 1-3 months that reflects an intermediate stage between subacute radiation reaction and later radiation necrosis at 6 -18 months or more. 2 Treatment-related necrosis can also occur in the periventricular region and mimic subependymal spread of tumor. 19 This is thought to reflect the relatively poor vascularity of the periventricular region, which is supplied by long medullary arteries without collateral supply that are vulnerable to radiationinduced vasculopathy. 19 The low incidence of subependymal enhancement in PsP (6.7%) found in our study, however, suggests that this complication may be less frequent than direct spread to the subependymal region by centrally located tumors. Treatmentrelated necrosis becomes more common with increasing total doses, high fraction doses, hyperfractionation, and concurrent chemotherapy. 2, 20 The majority of our patients were treated with standard RT plans, with relatively equal small proportions of the EP and PsP groups instead receiving abbreviated RT plans that are acceptable alternatives. 9 Although we did not detect a correlation with the RT dose, further examination of the potential relationship between RT dose and fields with subependymal enhancement may be useful.
Survival has been reported as longer in patients with methylated MGMT promoter status who receive temozolomide. 6, 21 A study attempting to correlate MGMT status and PsP found that methylated MGMT promoter status is a strong predictor of PsP, occurring in 21/23 (91.3%) of methylated vs 11/27 (40.7%) of unmethylated patients ( p ϭ 0.0002). 6 Less than a quarter (23.7%) of our patients had known MGMT promoter status, with methylated MGMT promoter detected in 5 patients with EP, including 2 patients with pathologic confirmation of their EP status, and none of the patients with PsP. The low number of patients precludes further analysis, although this finding does highlight the unreliability of using MGMT status to predict PsP or EP in an individual patient. We are prospectively collecting molecular and genetic data in contemporary patients, and plan a separate project to specifically examine the potential relationship between MRI and MGMT status.
One potential limitation of our study relates to the lack of a widely accepted definition of PsP. Specific clinical, imaging, and pathologic criteria for the diagnosis of PsP were established for this study, including patients who did not require additional treatment for a minimum of 6 months. Although this may have underestimated the true incidence of PsP, the primary intent of the study was to determine clinically useful conventional MRI signs that could guide treatment decisions by confidently identifying the patients who would not have required a change in treatment. We recognize that this definition also potentially biased the survival analysis, since the condition of a 6-month interval was not imposed upon the EP group.
Another limitation is that most but not all patients received standard RT and TMZ chemotherapy as established by Stupp et al. 1 Since PsP or early treatment-related necrosis has been described with other RT and chemotherapy regimens, 19, 22 the heterogeneity of TMZ vs non-TMZ treatment and differing adjuvant TMZ schedules should have little effect on the analysis. In addition, the proportion of patients determined to have PsP (32.3%) is similar to previously published rates. [2] [3] [4] [5] The majority (75.2%) of patients in this study received adjuvant TMZ according to the standard 5/28 day cycle. We did not detect a correlation between PsP and TMZ schedule ( p ϭ 0.27). It is possible that a more effective adjuvant dosing schedule could cause EP to remit and mimic PsP, although differential rates of PsP have not been described with dose-dense vs metronomic TMZ treatment. 10 Conventional MRI signs have limited utility in the diagnosis of PsP in patients with recently treated glioblastomas and worsening enhancing lesions. The distinction is important for making treatment decisions, patient counseling, and establishing prognosis. We did not find a sign with a high negative predictive value for PsP, which would have provided the most useful information for treating clinicians. When present, direct subependymal spread of the enhancing lesion is a useful MRI marker in identifying EP rather than PsP. Additional research into advanced imaging modalities or biomarkers such as MRI perfusion, diffusion tensor, spectroscopy, and PET/CT is necessary.
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